A series of recombinant viruses with either site-specific mutations or various deletions of the early UL4 promoter of human cytomegalovirus were used to determine the roles of regulatory elements and the effects of the mitogen-activated protein kinase (MAPK) pathways. Viral gene expression was regulated by upstream cis-acting sites and by basic promoter elements that respond to the MAPK signal transduction pathways. Inhibitors of either the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway or the p38 MAPK pathway affected expression equally with either wild-type or mutant early UL4 promoters in the viral genome, indicating that the effects of the inhibitors are not exclusive for a single transcription factor. The minimal responsive element is the TATA box-containing early viral promoter.
Human cytomegalovirus (HCMV), a member of the betaherpesvirus family, is a ubiquitous pathogen that infects only humans. In healthy individuals, primary infection is normally asymptomatic and persistent. In immunocompromised adults, such as transplantation recipients or human immunodeficiency virus-infected patients, pneumonitis, hepatitis, retinitis, gastrointestinal diseases, and other severe medical problems can develop. Congenital birth defects, which include sight and hearing loss and brain damage, can occur (3) . HCMV replicates productively in terminally differentiated cells, including fibroblasts, epithelial, endothelial, smooth muscle, and microglial cells and monocyte-derived macrophages (64, 66) . HCMV latent viral DNA can be detected in macrophage-granulocyte progenitors in the bone marrow and in the peripheral blood monocytes (25, 44, 52, 57, 67) .
During productive infection, HCMV gene expression can be divided into three categories designated immediate-early (IE, ␣), early (␤), and late (␥). The IE genes include major IE genes UL123/122 (IE1/IE2) and auxiliary IE genes, such as UL36 to UL38, UL115 to UL119, IRS1/TRS1, and US3. The IE proteins are required for subsequent early viral gene expression. The early genes code for proteins required for viral DNA replication. After viral DNA replication, the transcription of late genes occurs, the products of which are involved in virion assembly and maturation (17, 19, 68) .
Two major IE proteins, IE72 and IE86, which are encoded by the IE1 (UL123) and IE2 (UL122) genes, respectively, are key transactivators for HCMV early gene expression and other heterologous viral promoters as demonstrated by transienttransfection assays (17, 68) . Compared to the IE86 protein, the IE72 protein alone is a weak transactivator, but it is capable of synergistically activating viral promoters with IE86. Although the IE72 protein is not essential for early viral gene expression after a high multiplicity of infection (MOI), it is required after a low MOI (23) . In contrast, the IE86 protein is essential for early viral gene expression (14, 53) . The IE86 protein upregulates early viral promoters in transient-transfection experiments in a TATA box-dependent manner. The TATA box and the transcription initiation complex are assumed to be critical for viral gene expression, because the IE86 fusion protein produced in bacteria interacts in vitro with members of the basal transcription machinery, which include TATA-binding protein (TBP), TFIIB, TAFII-130, and TFIID (9, 18, 24, 39, 40, 49) . The IE86 protein also interacts with other transcription factors, such as Tef-1, Sp1, c-Jun, JunB, ATF-2, CREB, histone acetyltransferase CREB-binding protein (CBP)-associated factor (P/CAF), and p53 (7, 47, 50, 65, 69) . cis-acting regulatory elements upstream of the early viral promoters have a role in maximum viral gene expression. For example, the USF/MLTF, AP-1, NF-Y, Sp1, and CREB/ATF cis-acting regulatory elements have an effect on the TRL4, TRL6, UL4, UL54, and UL112-113 promoters in transient transfection assays, respectively (30, 41-43, 47, 51, 70, 79, 83) .
The mitogen-activated protein kinase (MAPK) signal transduction pathways respond to various extracellular stimuli, ranging from growth factors and cytokines to cellular stress (60, 63, 82) . The MAPK signal transduction cascade consists of a three-component module consisting of MAPK, MAPK kinase (MEK, MAPKK, or MKK), and MAPK kinase kinase (MEKK, MAPKKK, or MKKK), which is conserved from yeasts to humans. The MAPK cascade is activated by sequential phosphorylation. The MAPKs are activated by dual phosphorylation of the Thr-X-Tyr motifs. In mammalian cells, there are five subfamilies known as the extracellular signal-regulated kinase (MAPK/ERK or ERK1/2), p38 MAPK (p38␣, p38␤, p38␥, and p38␦), stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK)(1/2/3), ERK5, and ERK3/4 (78, 82) . Activation of MAPK/ERK and p38 MAPK has been reported to be important for productive HCMV replication (34) (35) (36) 61) . The MAPK/ERK pathway is activated at 4 h postinfection (hpi), and the p38 MAPK pathway is activated at 8 hpi. Both early viral gene expression and late viral gene expression are enhanced by the MAPK/ERK and p38 MAPK pathways (35, 36, 61) .
The MAPK/ERK pathway activates nuclear transcription factors, such as Elk-1, c-fos, c-myc, Sap-1, and Tal (13, 20, 33, 82) . The p38 MAPK pathway activates nuclear transcription factors, such as Elk-1, Sap-1, ATF-2, CREB, CHOP, and Max (54, 59, 62, (80) (81) (82) . The phosphorylation of these cellular transcription factors increases their DNA binding or protein interaction capabilities. The MAPKs also activate viral transactivators, which are important in the activation of early viral promoters. For example, ERK phosphorylates both IE72 and IE86 proteins in vitro and in vivo (17, 27) . In addition, MAPK/ ERK kinase (MEK1/2) inhibitors UO126 and PD98059 repress phosphorylation of IE72 and IE86 proteins in infected cells without decreasing the level of IE proteins (36, 61) . The viral UL4 gene codes for a virion-associated glycoprotein of unknown function (11) . The early UL4 gene of HCMV has been used as a model system for studying the multiple mechanisms of activation of viral gene expression. Expression of the UL4 gene is regulated at both the transcriptional and translational levels (2, 8, 12, 30, 31) . To further understand the mechanisms of UL4 gene expression in the context of the viral genome, we constructed a series of recombinant HCMVs with either wild-type or mutated upstream sequence elements of the UL4 promoter. We determined the effect of the MAPK/ ERK and p38 MAPK pathways on early viral gene expression. We report that the Elk-1 binding site, the sequences between Ϫ102 and Ϫ50 upstream of the transcription start site, and the TATA box all have a role in the activation of the UL4 promoter in the context of the viral genome. All elements were affected by the MAPK/ERK and p38 MAPK pathways.
MATERIALS AND METHODS
Virus and cell culture. The maintenance of primary human foreskin fibroblasts (HFFs) was described previously (72) . The maintenance and propagation of HCMV AD169 and AD169 strain-derived recombinant viruses were described previously (38, 71) .
Enzymes. Restriction endonucleases were purchased from New England Biolabs, Inc. (Beverly, Mass.). T4 DNA ligase, the Klenow fragment of Escherichia coli DNA polymerase I, and calf intestinal alkaline phosphatase were obtained from Boehringer Mannheim Biochemicals (Indianapolis, Ind.). Vent and Taq DNA polymerases were purchased from New England Biolabs, Inc., and Fisher Scientific (Pittsburgh, Pa.), respectively. RNasin and RNase-free DNase were purchased from Promega (Madison, Wis.). The enzymes were used according to the manufacturers' instructions.
Plasmids. Plasmid pwt-xs has been described previously (12) . pwt-xs contains the UL4 (E1) promoter and 220 bp upstream of the transcription start site and the downstream chloramphenicol acetyltransferase (CAT) reporter gene. pwt-xs has a 1,411-bp XbaI-SacI DNA fragment (bp 200392 to 201803) of HCMV Towne strain containing the US12 and US13 genes and a 1,205-bp HindIIIBamHI DNA fragment (bp 195,838 to 197,043) containing the US6 and US7 genes flanking the promoter and CAT gene (12) . To generate pwt-AatII/S, a 76-bp XbaI-to-AatII DNA fragment (bp 200392 to 200468) containing the US11 TATA box was deleted from pwt-xs. Plasmid pwt-xs was double digested with XbaI and AatII, and then the digested plasmid was religated back with an 8-mer linker oligonucleotide fragment, 5Ј-CTAGACGT-3Ј, with the 5Ј end phosphorylated.
To generate pdlElk-1-AatII/S, two fragments were generated by PCR with two sets of primers: primer 5Ј-GTAGCacactaGtcaTGGAATCGTTCGGCT-3Ј with primer 5Ј-GCCATACGGAATTCCGGATGAGCA-3Ј and primer UL4 SEQ 5Ј-GCCCCCATCTGGTATCCAA-3Ј with primer 5Ј-GATTCCAtgaCtagtgtGC TACATACCTGCCA-3Ј. (Mutant bases are indicated by lowercase letters.) Plasmid pwt-AatII/S was used as the template. The PCR fragments of 440 and 221 bp, respectively, were digested with SpeI to generate subfragments of 433 and 210 bp, respectively, and then ligated at room temperature overnight. A 643-bp DNA fragment containing the two subfragments was gel purified and double digested with XbaI and BspEI. The resulting 484-bp fragment was isolated and replaced the 484-bp XbaI-BspEI DNA fragment of pwt-AatII/S to generate plasmid pdlElk-1-AatII/S. Plasmid pdlElk-1-AatII/S contains a mutation in the consensus Elk-1 binding site, which changes the Elk-1 consensus from wild-type GTATC CGGTT to mutant acactaGtca, but leaves intact the potential IE86 protein binding site within the site 2 region (12) .
For construction of truncation mutations of the UL4 promoter, a series of oligonucleotides were employed in PCR-directed mutagenesis with pwt-AatII/S as the template. The sense primers for p-137, p-102, p-50, and p-23 are 5Ј-CG GCTTCTAGACGGGGGATAGTGAG-3Ј, 5Ј-GGGATTCTAGAGGACCCA ATCACT-3Ј, 5Ј-GATGATTCTAGAATCACATGAGGTCTGG-3Ј, and 5Ј-GG ATATGTCTAGATGAGGAGTGAA-3Ј, respectively. The antisense primer for these plasmids was 5Ј-GCCATACGGAATTCCGGATGAGCA-3Ј. DNA fragments of 422, 387, 336, and 308 bp were generated by PCR, isolated by lowmelting-point agarose gel electrophoresis, and digested with XbaI and BspEI. The resulting 399-, 364-, 312-, and 285-bp fragments replaced the same site in pwt-AatII/S to generate plasmids p-137, p-102, p-50, and p-23, respectively. All primers were purchased from Life Technologies (Grand Island, N.Y.) unless otherwise specified. All mutations were confirmed by automated dideoxynucleotide sequencing (University of Iowa DNA Core).
HCMV recombination and plaque purification. The isolation of recombinant virus RVUL4CATgpt, which has a 2,115-bp BsrGI-BamHI DNA fragment containing the guanine phosphoribosyltransferase gene (gpt) under the control of a minimal simian virus 40 (SV40) promoter and the CAT gene inserted between the downstream US6/7 and upstream US12/13 genes, has been described previously (12) . Recombinant viruses RVwt, RVdlElk-1, RV-137, RV-102, RV-50, and RV-23 were generated by the back-selection method of Greaves et al. (22) . HFFs were cotransfected with infectious RVUL4CATgpt viral DNA and plasmid pwt-AatII/S, pdlElk-1-AatII/S, p-137, p-102, p-50, or p-23. After 100% cytopathic effect (CPE), virus was harvested and diluted 1:10 or 1:20. LeschNyhan cells GM02291 (Coriell Cell Repository, Camden, N.J.) in 100-mmdiameter plates in medium containing 6-thioguanine (50 g/ml; Sigma, St. Louis, Mo.) were infected. Virus plaques were picked and transferred to HFFs grown in 24-well plates. Cell-associated viral DNA was screened by dot blot hybridization, and cell lysates were screened by CAT assay as described previously (12, 21, 56) . Positive plaques were subjected to two additional rounds of plaque purifications. Two or three recombinant virus clones were obtained from independent transfection-recombination procedures to control for spurious genomic mutations. All recombinant viruses had the same growth characteristics and were propagated as described previously (71) .
Southern blot analysis. Southern blot analysis of the recombinant virus genome structure was performed essentially as described previously with minor modifications (12) . Four days after 100% CPE, viral supernatant was collected, and virus particles were pelleted by centrifugation as described previously (71) . The viral DNA was purified from the viral pellet as described previously (56) . Viral DNAs were digested with restriction endonuclease HindIII or double digested with HindIII and SpeI. DNAs were fractionated in a 3% agarose gel with a 1:4 ratio of agarose to NuSieve GTG agarose (BioWhittaker Molecular Applications, Rockland, Maine). HindIII and SpeI double-digested viral DNAs were loaded onto a 2% gel (1:3 ratio of regular agarose to GTG agarose) and subjected to electrophoresis at 40 V for 6 h at 4°C. The DNA was transferred to Maximum Strength Nytran (Schleicher & Schuell, Keene, N.H.), and Southern blot analysis was performed as described previously (4, 56) . All probes used in dot blotting as well as Southern blot analysis were prepared by randomly labeling gel-purified DNA fragments with [ 32 P]dCTP (Amersham, Arlington Heights, Ill.) and Ready-To-Go DNA labeling beads from Amersham Pharmacia Biotech, Inc. (Piscataway, N.J.). Unincorporated nucleotides were removed by a Nuctrap purification column (Stratagene, Cedar Creek, Tex.). The 32 P-HindIII X probe was prepared with the 5,019-bp HindIII-HindIII DNA fragment of pMSDT DG (75) . The 32 P-AA probe was prepared by labeling the 110-bp AatII-AvrII fragment isolated from pwt-xs (12) . The 32 P-gpt probe was generated by labeling the 262-bp KpnI-EcoRV fragment isolated from p dlMSVgpt (56) .
RNase protection assays. The methods used to generate the plasmid DNA templates for synthesis of antisense CAT, actin, and IE1 riboprobes have been described previously (28, 48, 76) . The riboprobes were synthesized with [ 32 P]UTP (Amersham) as described previously (45) .
Cytoplasmic RNA was harvested from four 100-mm-diameter plates of HFFs either mock infected or infected with HCMV recombinant viruses at an MOI of 5 PFU/cell at various times after infection. Twenty micrograms of RNA was hybridized to 32 P-labeled antisense CAT, IE1, or actin probes at room temperature overnight before digestion with RNase T 1 (150 U) as described previously (48) . The protected RNA fragments were subjected to electrophoresis in denaturing 6% polyacrylamide gels, followed by autoradiography on Hyperfilm MP (Amersham). Signals were quantitated by an electronic Autoradiographic Instant Imager (Packard Instant Imager, Meridan, Conn.).
CAT assays.
HFFs seeded in 100-mm-diameter plates were infected with recombinant viruses in quadruplicate. At indicated time points after infection, cell lysates were harvested and subjected to CAT assays as described previously (21) . Acetylated derivatives were separated from nonacetylated 14 C-chloramphenicol by thin-layer chromatography. The percent conversion of 14 C-chloramphenicol to acetylated derivatives was determined by image acquisition analysis and normalized to the amount of cell lysate protein in each reaction. The protein concentration was measured by the Bradford method (Bio-Rad Laboratories, Hercules, Calif.).
For infection of HFFs in the presence of the MEK inhibitor UO126 (Promega) or the p38 MAPK inhibitor SB202190 (FHPI) (Calbiochem Corp., San Diego, Calif.), the drugs were dissolved in dimethyl sulfoxide (DMSO) to make a 10 mM stock as recommended by the manufacturer. Various amounts of the 10 mM stock drug were diluted in serum-free medium to be used in subsequent treatment. Confluent HFFs in 100-mm-diameter plates in quadruplicate were serum starved for 24 h and then preincubated with various concentrations of the inhibitors in serum-free medium at 37°C for 1 h before infection with recombinant viruses in the presence of the inhibitors. The desired concentration of drug was present throughout the experiment. The amount of DMSO applied on each plate was balanced and did not exceed 0.2%. Cells were harvested at the indicated time points after infection (8 hpi for UO126 and 14 hpi for FHPI), and CAT assays were carried out as described previously (21) .
Northern blot analysis. HFFs were washed with phosphate-buffered saline and serum starved for 24 h. Before infection with RVwt, HFFs were either mock treated or treated with UO126 or FHPI as described above. At indicated time points after infection, cytoplasmic RNAs from mock-treated or inhibitor-treated HFFs were isolated as described previously (10, 29) . Ten micrograms of cytoplasmic RNA was subjected to electrophoresis in a 1% agarose gel containing 2.2 M formaldehyde at 5 V/cm and transferred to Nytran Super Charge (Schleicher & Schuell). Equal loading of the RNAs was confirmed by visualization of ethidium bromide staining of the 28S and 18S rRNAs. Northern blot analysis was performed as described previously (12, 56) . UL4-, CAT-, and actin-specific DNA probes were derived from the 230-bp AvaII-DraI DNA fragment of pEgp48, corresponding to 13,630 to 13,860 bp of the HCMV genome (10, 12) , the 403-bp PvuII-NcoI DNA fragment of p-220CAT, and the 810-bp PstI-PstI fragment of pBR-actin (26, 56) , respectively. All DNA probes were labeled with the ReadyTo-Go DNA labeling beads and [
32 P]dCTP (Amersham). The same blot was serially stripped in 0.1ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7]) and 0.5% sodium dodecyl sulfate and rehybridized with different probes. All hybridization was performed overnight at 68°C.
Cell toxicity assays. To measure cytotoxic effects of the MEK inhibitor UO126 or the p38 MAPK inhibitor FHPI, the CytoTox 96 assay kit (Promega) was used according to the manufacturer's instructions. The CytoTox 96 assay kit quantitatively measures a cytosolic enzyme, lactate dehydrogenase (LDH), which is released upon cell lysis. A total of 10,000 cells were plated in a 96-well tissue culture plate in quadruplicate and serum starved for 24 h, then serum-free medium containing various concentrations of drug was present for either 9 h for UO126 or 15 h for FHPI before the cytotoxicity assays. The released LDH is able to convert the substrate tetrazolium salt into a red formazan product, which can be measured at 492 nm in a 96-well tissue culture plate. The value of LDH released by cells after drug treatment divided by the value of LDH released after complete cell lysis was used to determine the percent cytotoxicity.
RESULTS

Recombinant viruses with UL4 promoter mutations.
DNase I footprinting analysis demonstrated three cellular protein binding sites, designated sites 1, 2, and 3, upstream of the UL4 transcription start site of HCMV (31) (Fig. 1) . Site 2 (Ϫ169/ Ϫ139) and an NF-Y binding site (Ϫ98/Ϫ88) were important for promoter activation in transient-transfection assays (30, 31) . In addition, recombinant HCMVs with mutations in an Elk-1 site plus a potential IE86 protein binding site within the site 2 region also decreased expression from the UL4 promoter in the context of the viral genome (12) . However, mutations in the NF-Y binding site had no effect in the context of the viral genome. To determine the role of upstream cis-acting sites, we performed site-directed mutagenesis of the Elk-1 binding site and constructed a series of deletion mutations upstream of the UL4 transcription start site. The recombinant viruses were derived from RVUL4CATgpt by the method of back-selection against gpt (22) . The UL4 promoter drives transcription of the CAT gene ( Fig. 2A) . The UL4 promoter-CAT constructs were inserted by homologous recombination between the US7 to US12 region of the viral genome, which has been shown to be dispensable for viral replication in tissue culture (37, 38) .
The genome structures of the recombinant viruses were analyzed by HindIII restriction endonuclease digestion of viral DNAs followed by Southern blot hybridization with a 110-bp 32 P-labeled AatII-AvrII DNA (AA) probe (Fig. 2A) . The predicted sizes of viral DNA fragments are indicated in Fig. 2A . The resulting recombinant viruses differ from the parental RVUL4CATgpt by the presence of the AatII-AvrII DNA fragment and the absence of the gpt gene. Site specific mutations within the site 2 region of the UL4 promoter were confirmed by DNA sequencing of the shuttle vector and by double restriction endonuclease digestion of the recombinant viral DNAs as shown in Fig. 2B and C. The flanking regions of the recombinant viruses were determined to be intact by using the HindIII X probe ( Fig. 2A) , which spans part of the US6 and US12 in the recombinant viruses ( Fig. 2D and E) . In addition to analyzing the genome structure of the recombinant viruses by Southern blotting, we determined that the CAT open reading frame (ORF) of each recombinant virus does not contain functionally deleterious mutations. All recombinant viruses analyzed had a functional CAT ORF determined by CAT assays as described in Materials and Methods (data not shown).
Effect of the Elk-1 binding element. We previously reported that mutations in the Elk-1 site plus a proximal putative IE86 binding site (between Ϫ148 and Ϫ136 relative to the E1 transcription start site) within the site 2 region upstream of the UL4 promoter decreased promoter activity in HCMV-infected cells (12) . To determine whether the Elk-1 binding site itself was responsible for the reduction of the UL4 promoter activity, HFF cells were infected at 5 PFU/cell with either wild-type (RVwt) or mutant (RVdlElk-1) virus and then analyzed for steady-state levels of RNA transcribed from the UL4 promoter. Cytoplasmic RNAs were isolated from infected cells at very early (6 hpi) or early (24 hpi) times after infection and subjected to RNase protection assays as described in Materials and Methods. The internal control for multiplicity of viral infection is the protected IE1 RNA at 6 hpi (Fig. 3 ). The protected CAT RNA level from RVwt-infected cells was higher than that from RVdlElk-1 infected cells at 24 hpi. The level of protected CAT RNA of RVdlElk-1 exhibited an approximately 50% reduction relative to wild-type virus, as shown in Fig. 3B . A 50% reduction in the level of UL4 protein, which is nonessential for viral replication in cell culture, may be important for viral pathogenesis. We conclude that the Elk-1 binding site alone plays a role in UL4 promoter activation in the context of the viral genome.
Effect of deletion mutations upstream of the UL4 promoter. To test for other cis-acting elements that control the expression from the early viral UL4 promoter, we constructed a series of recombinant HCMVs that contain various deletions. RV-137, RV-102, and RV-50, respectively, contain UL4 promoter with sites 1 and 2 deleted, with sites 1, 2, and 3 deleted, and with sites 1, 2, and 3 plus the NF-Y binding site deleted but with an intact TATA box ( Fig. 1 and 2A) . RV-23 has only 23 bp upstream of the transcription start site and is a recombinant virus without the TATA box upstream of the UL4 early promoter. We determined the steady-state level of RNA transcribed from the UL4-CAT promoter in HFFs infected at 5 PFU/cell with either the wild type (RVwt) or the various mutants. Cytoplasmic RNAs were isolated from infected cells at very early (6 hpi) or early (24 hpi) times after infection and RNase protection assays were performed. The steady-state level of CAT RNA from RV-137 or RV-102 was reduced approximately 50 to 60% compared to that of the wild type (Fig. 3A, lanes 13 and 14, and B) . This level of reduction was similar to that of RVdlElk-1 when compared to the wild type (Fig. 3B) .
With the three upstream sites deleted plus the NF-Y binding site (Ϫ98/Ϫ88) deleted in recombinant virus RV-50, the steady-state level of CAT RNA was decreased by 88.5% (Fig.  3A, lane 15, and B) . These results indicated that the upstream sequences from Ϫ102 to Ϫ50 have an important regulatory element. Although RV-50 contains only the minimal promoter region (TATA box containing) without known upstream elements, it still had basal transcriptional activity. These results suggested that the basal transcription machinery was able to bind to the TATA box to initiate transcription from the UL4-CAT promoter in the absence of known upstream activators.
RV-23, which has the TATA box deleted and has the sequence up to Ϫ23 relative to the transcription start site, had a 98.6% reduction in the steady-state CAT RNA level in virusinfected cells (Fig. 3A, lane 16, and B) . Although previous transient-transfection assays have demonstrated that activation of early HCMV promoters is TATA box dependent, this is the first report that demonstrated this notion in the context of the HCMV genome.
Cumulative effects on CAT gene expression. Since the CAT RNA turns over rapidly and the CAT protein is very stable in the mammalian cell, we assayed the cumulative effects of the various mutations upstream of the UL4-CAT promoter by determining the CAT activity. HFFs were infected with RVwt, RVdlElk-1, RV-137, RV-102, RV-50, or RV-23 at approximately 5 PFU/cell. Equal infectivity was established by RNase protection assays for the IE1 RNA in HFFs as shown in Fig. 3 . CAT assays were performed to determine CAT activity as described in Materials and Methods.
At both early (24 hpi) and late (48 hpi) times after infection, the CAT activity of RVwt was the highest. When the Elk-1 binding site was mutated, the CAT activity was reduced compared to that of the wild type at both 24 and 48 hpi (Fig. 4 [see RVdlElk-1]). After considering the IE1 RNA signal from the RNase protection assays to normalize for MOI difference, the CAT activity of RVdlElk-1 repeatedly exhibited a 50% reduction compared to that of the wild type. These results were consistent with the RNase protection data (Fig. 3A and B) and indicated that the Elk-1 binding site of the UL4-CAT promoter is a positive element in the context of the viral genome. Mutations in both RV-137 and RV-102 decreased the CAT activity to 50 to 60% of the wild-type level. This reduction could be due to the deletion of the Elk-1 binding element, as demonstrated by RVdlElk-1 described above. The deletion of sequences between Ϫ220 and Ϫ50 had approximately a 95% reduction compared to the wild type (Fig. 4 [see RV-50] ). RV-23, which has the TATA box deleted, had little to no CAT activity. These data support the results of the RNase protec- (Fig. 3) . Taken together, these results demonstrate that both the Elk-1 binding element and the sequences between Ϫ102 and Ϫ50 relative to the transcription start site were upstream cis-acting sites for the activation of the UL4-CAT promoter in virus-infected cells. The activation of the UL4-CAT promoter in the context of the viral genome was also TATA box dependent. Effect of the MAPK/ERK and p38 MAPK signal transduction pathways on UL4-CAT expression. Since HCMV infection activates both the MAPK/ERK and p38 MAPK pathways, but not the SAPK/JNK pathway (34, 36, 61) , we tested the effect of the MAPK/ERK and p38 MAPK pathways by using inhibitors UO126 and SB202190 (FHPI), respectively. UO126 inhibits the (MAPK/ERK kinase) MEK activity by preventing the activation of MEK by upstream Raf kinase and also blocks the catalytic activity of preexisting activated MEK to activate downstream MAPK/ERK (15) . FHPI inhibits the ␣ and ␤ isoforms of the p38 kinase activity by competing for the ATP binding site of p38 (58, 84) .
First, we determined the cytotoxic effect of the kinase inhibitors on HFF cells. To eliminate the stimulatory effects of serum in the media, HFFs were serum starved and either mock treated or treated with various concentrations of the inhibitors. Cytotoxic effects were determined by measuring the release of LDH as described in Materials and Methods. Both UO126 and FHPI had similar cytotoxic effects compared to untreated cells (Fig. 5) . It was expected that the longer incubation time with FHPI would result in a higher cytotoxic effect. It was also expected that the two different drugs together would have an additive cytotoxic effect.
To determine whether the MAPK/ERK pathway or the p38 MAPK pathway has an effect on the activation of the UL4-CAT promoter, we pretreated serum-starved HFFs with the kinase inhibitors for 1 h before infection. The cells were infected with 5 PFU/cell in the presence of the inhibitor. MAPK/ ERK is phosphorylated at 4 hpi and reaches high levels of phosphorylation at 8 to 24 hpi (61), but the p38 MAPK is phosphorylated at 10 hpi, and levels of phosphorylation decrease between 14 and 24 hpi (34, 36, 61) . Therefore, cell lysates were harvested at either 8 or 14 h after infection to determine the early effects of the MEK inhibitor or the p38 inhibitor, respectively. CAT assays were performed as de- FIG. 4 . Effect of deletion mutations on CAT expression from the UL4-CAT promoter in infected HFFs. HFFs were infected with recombinant viruses at 5 PFU/cell in quadruplicate as described in the legend to Fig 3. The infection was performed in parallel with that of the RNase protection assay as described in Fig. 3 . Equal MOI was confirmed by RNase protection assay of protected IE1 mRNA. The CAT activity per microgram of protein was normalized to IE1 mRNA for each recombinant virus at different time points after infection as described in Materials and Methods. The results of the CAT assays were averaged, and the standard deviations were calculated. In both cells treated with 10 M UO126 and those treated with 20 M UO126, there was an approximately 70 to 80% reduction in UL4 promoter activity for all recombinant viruses compared to recombinant virus-infected cells without drug treatment (Fig. 6) . Another MEK inhibitor, PD98059, also decreased UL4-CAT expression by approximately 50% (data not shown). Western blot analysis confirmed previous reports demonstrating that the MEK inhibitors did not affect the level of expression of the viral IE72 and IE86 proteins (36, 61; data not shown).
In 10 M FHPI-treated cells, there was little to no significant reduction in CAT activity. In 20 M FHPI-treated cells, all recombinant viruses exhibited a 50 to 80% reduction compared to recombinant virus-infected cells without drug treatment (Fig. 7) . The UL4-CAT expression decreased almost equally upon drug treatment for recombinant viruses with either wild-type or mutant UL4 promoters, indicating that the effects of the MAPK/ERK and p38 MAPK are not exclusive for a single transcription factor. We conclude that the UL4-CAT promoter is a MAPK-responsive promoter and the minimal responsive element is the TATA box-containing promoter.
Effect of MAPK signal transduction pathway on UL4 promoter in both ectopic and natural positions. The UL4-CAT promoter recombined into the US component of the viral genome has upstream sequence to only Ϫ220 bp relative to the E1 transcription start site. It is possible that additional upstream sequence elements affect the UL4 promoter in the UL component of the viral genome. To determine whether the expression pattern of the ectopic UL4-CAT promoter correlates with that of UL4 promoter in the UL component of the viral genome, serum-starved HFFs were pretreated with U0126 or FHPI for 1 h. After infection with RVwt at 5 PFU/ cell in the presence of the inhibitor, as described in Materials and Methods, cytoplasmic RNAs were isolated at 8 hpi and subjected to Northern blot analysis with 32 P-labeled DNA probes.
Treatment with UO126 or FHPI had a significant negative effect on the steady-state level of CAT RNA (approximately 66 to 75%). Treatment with U0126 had an effect on UL4 RNA (approximately 22 to 33% reduction) compared to untreated cells ( Fig. 8A and B, compare lane 1 with lanes 2 and 3), but the effect of FHPI was less. The inhibitory effects were more pronounced on the ectopic UL4-CAT promoter. UO126 had no effect on actin RNA levels (Fig. 8C) . Differences with the UL4 promoter in the ectopic location of the viral genome compared to the natural position may be due to the additional upstream sequences in the natural position. We conclude that the UL4-CAT promoter expression pattern correlates with the UL4 promoter in the UL component of the viral genome. While the viral promoters were affected by inhibitors of the MAPK signal transduction pathways, effects on the actin promoter were not detected.
DISCUSSION
The early viral UL4 promoter (E1), which drives the synthesis of a 1.5-kb mRNA during early times after HCMV infection, has been studied extensively in our laboratory as a model system for early viral gene expression (10, 11, 30, 31) . Within the early UL4 promoter, there are an Elk-1 binding site and an NF-Y binding site, as demonstrated by in vitro binding assays (12, 30) . Recombinant viruses with a mutation of the Elk-1 element located between Ϫ168 and Ϫ159 (Ϫ168/Ϫ159) relative to the transcription start site and the proximal putative IE86 protein binding site had decreased levels of the UL4 promoter activity by approximately 50%. Mutation of the NF-Y binding site had no effect (12) . To extend our understanding of how the UL4 promoter is regulated, we isolated recombinant viruses with site-specific mutations solely in the Elk-1 binding site. We also constructed a series of recombinant HCMVs with either wild-type or deletion mutations in the UL4 promoter and tested the effect of inhibitors of the MAPK signal transduction pathways.
RNase protection assays and CAT assays demonstrated that the Elk-1 site and the sequences between Ϫ102 and Ϫ50 relative to the transcription start of site of the UL4 promoter are two of the major upstream regulatory elements in the context (12) . Even though the NF-Y binding was abolished, other transcription factors might be able to compensate. There is a potential Evi-1 binding site. Evi-1 is a 145-kDa nuclear zinc finger protein (46, 74) . The Evi-1 binding site (Ϫ88/Ϫ79) overlaps the NF-Y binding site (Ϫ98/Ϫ88) by one nucleotide. In RVdlNF-Y-xs, the nucleotide at Ϫ88 was changed from a wild-type G to a mutant C, which changed the potential consensus binding site for Evi-1 by only one nucleotide at the 5Ј end. Since this change did not induce a phenotype, the role of the Evi-1 site in the regulation of the UL4 promoter requires further investigation. To determine the exact location of the positive element, a series of recombinant viruses with site-specific mutations between Ϫ102 and Ϫ50 would be necessary. Recombinant virus RV-50, which has 50 bp upstream of the transcription start site and an intact TATA box, had basal transcription activity. The viral IE proteins were able to activate this minimal promoter by forming a preinitiation complex in the absence of known upstream activator binding sites. Recombinant virus RV-23, which has no TATA box, had little to no activity. Therefore, activation of the early viral UL4 promoter is TATA box dependent in the context of the viral genome. These results indicated that the Elk-1 site, the sequences between Ϫ102 and Ϫ50 relative to the transcription start site, and the TATA box constitute cis-regulatory elements for activation of transcription from the UL4 promoter in the context of the viral genome.
The results obtained with recombinant virus-infected cells are different from those of the transient-transfection assays as described previously (30, 31) . The NF-Y binding site did not play a significant role in the activation of the UL4 early promoter in the context of the viral genome, whereas in transienttransfection assays, it was a positive element. The deletion of site 2 had an increase in UL4 promoter activity in the absence FIG. 6 . Effect of a MEK inhibitor, UO126, on CAT expression from the UL4-CAT promoter in recombinant virus-infected HFFs. Confluent HFFs were serum starved for 24 h and then treated with UO126 for 1 h before infection with recombinant viruses in the presence of UO126 in quadruplicate as described in Materials and Methods. Cells were harvested at 8 h after infection and subjected to CAT assays. The results of the CAT assays were averaged, and the standard deviations were calculated. The CAT activity per microgram of protein at various concentrations of the drug is relative to that of the nontreated recombinant viruses.
VOL. 76, 2002 HCMV UL4 TRANSCRIPTION 4881 of the IE86 protein, but exhibited little decrease compared to the wild type in the presence of the IE86 protein in transienttransfection assays. In virus-infected cells, a condition in which the IE86 protein was naturally expressed, site 2 was a positive element. The results from recombinant virus-infected cells might mimic naturally infected cells, since the templates from which viral genes are expressed are similar. One of the mechanisms for activation of the UL4 promoter is through the MAPKs. HCMV infection activates at least two MAPK pathways, which include the MAPK/ERK and the p38 MAPK signal transduction pathways (34, 36, 61) . Activation of the MAPK/ERK and the p38 MAPK pathways requires de novo viral protein synthesis, and activation of these pathways is essential for DNA replication (34, 61) . The MEK inhibitor UO126 reduced UL4 promoter activity by 70 to 80% in HFFs infected with recombinant viruses at 8 h after infection. One explanation for the remaining activity could be due to activation of MAPKs other than ERKs. Alternatively, the remaining activity might be due to incomplete inhibition of the MEK activity by the inhibitor even at high concentrations or might be due to a MAPK-independent component that could contribute to the UL4 promoter activation. The p38 MAPK inhibitor FHPI reduced the promoter activity at higher concentrations, but not at lower concentrations. FHPI inhibits the ␣ and ␤ isoforms of p38 kinase. Whether the other two isoforms, p38␥ and p38␦, contributed to UL4 promoter activation is not known.
The reduction of the UL4 promoter activity by the MAPK inhibitors was demonstrated to be qualitatively similar in both the ectopic position of the viral genome and the natural position in the viral genome. However, the inhibitory effect of UO126 and FHPI was more dramatic in the ectopic position of the viral genome. This may be due to the differences in the context of the viral genome between an ectopic position and its corresponding natural locus. In all recombinant viruses, the UL4 promoter contained only 220 bp upstream of the E1 transcription start site. Therefore, the strength of transcription could be different. The difference could also be due to the stability of the CAT RNA versus the UL4 RNA. We conclude that the early viral UL4 promoter is a MAPK-responsive promoter.
Our original rationale was that site-specific mutations or deletions of responsive elements in the UL4 promoter might eliminate or decrease the effect of the drug compared to that FIG. 7 . Effect of p38 MAPK inhibitor SB202190 (FHPI) on CAT expression from the UL4-CAT promoter in recombinant virus-infected HFFs. Confluent HFFs were serum starved for 24 h and then treated with FHPI for 1 h before infection with various recombinant viruses in the presence of FHPI in quadruplicate as described in Materials and Methods. Cells were harvested at 14 h after infection and subjected to CAT assays. The results of the CAT assays were averaged, and the standard deviations were calculated. The CAT activity per microgram of protein at various concentrations of the drug is relative to that of the nontreated recombinant viruses.
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of the wild type. Instead, all recombinant viruses containing mutations in the UL4 promoter-regulatory region were affected by the drug treatments. Recombinant virus RV-50 with a minimal promoter containing an intact TATA box was affected by the drug treatment, which suggests that a responsive element lies between Ϫ50 and the transcription start site of the UL4 promoter. Recombinant virus RV-23, which lacks a TATA box, had little to no activity. Phosphorylation affects the ability of transcription factors to interact with other proteins (32) . Since phosphorylation of the IE86 protein changes its ability to transactivate promoters in transient-transfection assays (27) , inhibition of the MAPKs might affect the activation of the UL4 promoter by affecting the activity of the IE86 protein. It is possible that phosphorylation of IE86 increases its ability to interact with transcription factors that bind to upstream cis-acting elements and with the basal transcription machinery to form the preinitiation complex at the TATA box.
Since recombinant HCMVs with either wild-type or mutant UL4 promoters are equally affected by MAPK inhibitors, the MAPKs might also affect nuclear matrix-bound transcription complexes. Finally, it is possible that MAPKs also affect transcript stability. One advantage of drug inhibitor studies is that they provide results rapidly and help to determine research directions. However, drug inhibitors can have general specificity problems. Confirmation of the data presented above by expression of dominant-negative forms of kinase is currently being investigated.
Other viruses have evolved to take advantage of the cellular MAPK/ERK and p38 MAPK signal transduction pathways to upregulate their gene expression. Among the alphaherpesvirus family, HSV-1 infection induces the activation of the p38 MAPK and SAPK/JNK signal transduction pathways, but the MAPK/ERK pathway is not affected (55, 85) . Latency established by gammaherpesvirus Epstein-Barr virus is disrupted by activation of the MAPK/ERK and p38 MAPK pathways (1, 16) . Other DNA viruses, such as adenovirus and hepatitis B virus, activate the MAPK/ERK and p38 MAPK pathways after infection (5, 6, 73) . The activation of the MAPK/ERK and p38 MAPK pathways by these DNA viruses may contribute to the efficiency of viral replication (77) .
In HCMV-infected cells, de novo viral protein synthesis is necessary to fully activate the MAPK/ERK or p38 MAPK pathways (34, 61) . The viral proteins required for activation of the MAPKs at early times after infection are currently not known. We have used the early viral UL4 promoter as a model to study activation of HCMV early gene expression. The early UL4 promoter of HCMV requires the activation of the MAPK/ERK and p38 MAPK signal transduction pathways for full activation. These MAPK pathways play an important role in HCMV early promoter activation, which affects the efficiency of viral replication. 
